Negative energy balance can impair the metabolism of high producing dairy cows and supplying the glucose, as an energy source; can prevent the metabolic disorders in these animals. Hence, we hypothesized that bolus intravenous glucose administration may change the concentrations of metabolic hormones in order to prevent and control of metabolic dysfunctions of dairy cows. Twenty five multiparous Holstein dairy cows were divided to 5 equal groups containing early, mid and late lactations, far-off and close-up dry periods. All cows were received dextrose 50% intravenously at 500 mg/kg, 10 mL/kg/h. Blood samples were collected from all animals prior to and 1, 2, 3 and 4 after dextrose 50% infusion and sera were separated to determine glucose, triiodothyronine (T3), thyroxine (T4), serum free T3 (fT3), free T4 (fT4), cortisol and insulin like growth factor-1 (IGF-1). The decreasing pattern of T3 concentration was detected in all studied animals following intravenous glucose infusion (P<0.05). The significant increasing pattern of T4 levels was seen in early and mid lactation cows after glucose administration (P<0.05). The significant decreasing pattern of IGF-1 was detected in mid and late lactations and far-off dry groups (P<0.05). There were no significant alterations in fT3, fT4 and cortisol concentrations following glucose infusion in all experimental groups. In conclusion, bolus intravenous glucose infusion could influence the metabolic hormones in high producing Holstein dairy cows. Alterations of metabolic hormones following bolus intravenous glucose administration indicated that glucose is an important direct controller of metabolic interactions and responses in dairy cows during different physiological states.
Introduction
Glucose blood concentration is considered to be a direct indicator of energy balance in the organism. The glucose has an important role in high producing dairy cows because certain vitally important cell types and metabolic pathways have to rely on glucose as the only energy substrate. 1 In ruminants blood glucose regulation differs from the regulation in most monogastric animals. In ruminants, volatile fatty acids from the gastrointestinal tract are the major energy source rather than direct sources of glucose. Within the ruminants, high producing dairy cows occupy a special position regarding the glucose metabolism which is related to increases in energy requirements driven by both fetal needs and lactogenesis. 2 Primary homeoretic adaptation of glucose metabolism in the lactating dairy cows leads to an increased gluconeogenesis in the liver to direct glucose to the mammary gland for lactose synthesis. 3 If the degree of gluconeogenesis does not satisfy increased needs in glucose of dairy cows in the lactation periods, hypoglycaemia, ketonemia and ketonuria likely occurs. 4 A dairy cow has several and different physiological states during life. A marked disproportion between dry matter intake, milk yield level and fetal development in gravid uterus is related to negative energy balance takes place during some states. [5] [6] [7] The unique transition from pregnancy non-lactating to non-pregnancy lactating status can drive metabolism to extremes and the glucose metabolism has a key role to prevent the metabolic dysfunction and diseases. 2 The changes in circulating concentrations of metabolic hormones and nutritionallyrelated metabolites are important signals of the metabolic state of the animal especially on the adequacy of nutrient supply in relation to nutrient utilization. 8 Hence, it may be suggested that metabolic hormones in each metabolic state of dairy cows are different from other states. The hormonal activity of thyroid gland has an important role in the transitional period for determining the cell metabolism intensity, metabolism of lipids and carbohydrates and lactation course itself by its thyroid hormones. 9,10 A positive correlation was established between thyroid hormones in the blood and energy balance and a negative one between concentrations of these hormones in the blood and milk production. 8, 10 Under the conditions of a negative energy balance and of high lipomobilization, the concentrations of thyroid hormones in the blood were significantly lower in transitional period. 9, 11 Another regulator of glucose in ruminants is cortisol, which acts to increase gluconeogenesis from amino acids. In starving ruminants the gluconeogenesis is maintained by elevated levels of glucocorticoids. 12 In lactating ruminants the rate of hepatic gluconeogenesis and the relative concentrations of glycogenic precursors regulate the level of milk production. 13 The flow of glucose into the mammary gland is not dependent of insulin in ruminants. 14 Insulin like growth factor-1 (IGF-1) also considered as a metabolic hormone that bind to insulin receptors and has a key role in metabolism of glucose in high producing dairy cows. 15 Since the cows have several metabolic sates whit disproportions between energy input and output, the aim of the present study was to reveal the effect of glucose, as an energy source, on metabolic hormones levels at each state. Hence, the changing pattern of thyroid hormones, cortisol and IGF-1 was followed after bolus intravenous glucose administration in high producing Holstein dairy cows at different metabolic states and these changes were compared together.
Materials and Methods

Animals
The present experiment was performed after being approved by the 
Bolus intravenous glucose administration
All experiments were done an hour after morning meal, at 6 AM, approximately. A 14-gauge 5.1-cm catheter was secured in the right jugular vein and used for blood samplings and dextrose infusions. A blood sample was taken immediately after catheterization, and dextrose 50% (Zoopha ® , Parnian Co., Tehran, Iran) was administered at 500 mg/Kg, during 15 minutes, subsequently. 2 Blood samples were collected from all cows through the fixed catheter prior to and 1, 2, 3 and 4 after dextrose 50% infusion in plain tubes.
Serum biochemical analyses
Immediately after blood collections, sera were separated by centrifugation for 10 minutes at 3000 g and stored at −22°C until assayed. Glucose was assayed by an enzymatic (glucose oxidase) colorimetric method (ZistChem ® , Tehran, Iran). Serum triiodothyronine (T3) concentrations were determined using a competitive enzyme immunoassay kit (Padtan Elm Co., Tehran, Iran). The intra-and inter-assay CVs of the assays were 12.6% and 13.2%, respectively. The sensitivity of the test was 0.2 ng/mL. Serum thyroxine (T4) concentrations were measured using a competitive enzyme immunoassay kit (Monobind Inc., Lake Forest, USA). The intra-and inter-assay CVs of the assays were 3.0% and 3.7%, respectively. The sensitivity of the test was 0.4 mg/dL. Serum free T3 (fT3) and free T4 (fT4) concentrations were determined by the fT3 and the fT4 ELISA kits (DiaPlus Inc., San Francisco, USA). The intra-and inter-assay CVs of the fT3 assays were 4.1% and 5.2%, respectively. The sensitivity of the test was 0.05 pg/mL. The intra-and inter-assay CVs of the fT4 assays were 4.5% and 3.7%, respectively. The sensitivity of the test was 0.05 ng/dL. Serum cortisol concentrations were determined by Enzyme Article Immunoassay Colormetric method (AccuBind ® ELISA kit; Monobind Inc., CA, USA). The sensitivity of the test was0.25 µg/dL. Serum levels of IgF-1 were evaluated by ELISA kit (ImmunoDiagnosticSystem ® ) with the sensitivity equal to 3.1 µg/L.
Statistical analyses
All data are presented as mean ± standard deviation (SD). Differences among the averages of concentrations of different serological factors at similar hours in all groups were analyzed by one-way ANOVA and the least significant difference (LSD) test was used to find differences. Repeated Measures ANOVA was used to evaluate the changing patterns of glucose and metabolic hormones in each group using SPSS software (SPSS for Windows, version 20, SPSS Inc, Chicago, IL, USA). The level of significance was set at P<0.05.
Results
Alterations (mean±SD) of serum glucose and metabolic hormones following intravenous bolus glucose administration in different metabolic states of high producing Holstein dairy cows are presented in Tables 1-3 and Figures 1 and 2 . In all groups, serum glucose concentrations were increased significantly after glucose administration. The decreasing pattern of glucose was seen in late lactation and far-off dry groups and the glucose levels in these groups were significantly lower than other ones (P<0.05; Table 1 ). At hour zero, serum concentration of T3 in early lactation cows was significantly higher than other groups. The decreasing pattern of T3 concentration was detected in all studied animals following intravenous glucose infusion (P<0.05; Table 2 ) but there were no significant alterations in far-off dry group. The base line values of T4 in early and mid lactation groups were significantly lower than other ones. The significant increasing pattern of T4 levels was seen in early and mid lactation cows after glucose administration (P<0.05; Table 3 ). There were no significant alterations in fT3 concentrations following intravenous glucose infusion in all experimental groups. The levels of this hormone following glucose administration in early lactation group were significantly higher than other groups (P<0.05; Figure 1) . No significant alterations of fT4 were detected after glucose infusion in all experimental groups. The concentrations of fT4 in far-off dry cows were significantly higher than other groups at all hours (P<0.05; Figure 1 ). There were no significant changes in cortisol levels following intravenous glucose infusion in all experimental groups. The highest and lowest base line concentrations of cortisol were seen in mid and late lactation groups, respectively (P<0.05; Figure 2 ). At hour zero, as base line level, serum concentrations of IGF-1 in early lactation and close-up dry cows were significantly higher than other groups. There were no significant changing patterns of IGF-1 after glucose administration in early lactation and close-up dry cows. However, the significant decreasing pattern of this hormone was detected in mid and late lactations and far-off dry groups (P<0.05; Figure 2 ).
Article
Discussion and Conclusions
Glucose is a blood parameter defining the energy metabolism. The metabolism of glucose in ruminants is different from other mammals. In ruminants, volatile fatty acids from the gastrointestinal tract are the major energy source rather than direct sources of glucose. Thus, insulin plays a slightly different role in ruminants vs. non-ruminants, though many aspects of insulin metabolism are the same. 2 Glucose is a critical nutrient in the postpartum dairy cow because glucose is used by the mammary gland for the synthesis of milk. 16 Glucose is also required by a variety of other tissue types, including those involved in reproduction. 17 In late lactation and far-off dry cows in this study, serum glucose concentrations were decreased near to baseline levels at 4 th hour after glucose infusion which indicate the effect of insulin on clearance of glucose (Table 1) . Hence, it may be stated that these cows had not insulin resistance. However, serum glucose concentrations at final sampling in other groups were not reached to base line values. Other researchers also mentioned that there is insulin resistance phenomenon in the cows which are placed in negative energy balance. 2, 18 Inability to clear the and utilize the glucose in dairy cows leads to metabolic disorders such as ketosis and fatty liver, hence, providing the glucose source in these animals may protect them from the metabolic problems. 2 Thyroid gland produces the thyroid hormones containing T3 and its prohormone, T4 which are tyrosine-based hormones. Thyrotropes of the anterior pituitary gland secrete thyroid stimulating hormone and this hormone regulates the production of T3 and T4 by follicular cells of the thyroid gland. T4 is the major circulating thyroid hormone which has a longer half-life than T3. T4 is changed to the active T3 and T3 is more potent than T4. Circulating fT3 and fT4 represent the amount of T3 and T4 that are not bound to proteins. Evaluating the fT3 and fT4 can be used to assess and manage disorders of the thyroid gland. 19 Thyroid hormones are primarily responsible for metabolism regulation. They increase the metabolic rate, change protein synthesis, regulate osteoblasts and nervous system maturation and increase the sensitivity to catecholamine. The proper circulating levels of thyroid hormones are necessary to develop and differentiate all of the cells. These hormones also are responsible for regulation of protein, fat, carbohydrate and vitamin metabolism. Numerous physiological, pathological and pharmacological stimuli influence thyroid hormone metabolism. 20, 21 The results of the present study showed that serum levels of thyroid hormones were changed following glucose infusion. The significant and obvious changing patterns of T3 and T4 were detected in the cows which were placed in negative energy balance. Hence, it may be stated that providing the source of energy, as bolus intravenous glucose, could resolve the negative energy balance and change serum levels of thyroid hormones. Djokovi et al. detected the hypothyroidal status in ketotic cows and the low circulating glucose concentration in these cows. 22 Growth hormone is in control of metabolism in the dairy cow in all stages of lactation. 23 The effect of growth hormone on lactation is discussed to be only partly direct and instead mediated by IGF-1. 24, 25 Receptors for IGF-1 can be found in all mammary cells and release of IGF-1 is stimulated by binding of growth hormone to hepatocytes in the liver, 12 which is the main source of circulating IGF-1. 26 The concentration of IGF-1 can be seen as an indicator of the metabolic state of the dairy cow. 27 Abribat et al. showed that the levels of IGF-1 are lower at the start of lactation and increase during the whole lactation, inversely related to milk yield. 24 The results of the current study showed the decreasing patterns of IGF-1 in all studied animals. Other researchers also mentioned acute decreases in circulating IGF-1 in response to increases in insulin or glucose. 15 It may be suggested that glucose had the obvious effect on metabolism of this hormone in dairy cows. Damptey et al. showed that IGF-1 concentration was positively correlated with insulin (r=0.377; P<0.001) and glucose (r=0.249; P<0.05). 28 This suggests that energy status or energy intake may regulate plasma concentrations of IGF-1. Ciccioli et al. 29 also observed a positive correlation between plasma IGF-1, insulin and glucose concentrations in Angus x Hereford primiparous cows.
Cortisol is the major stress hormone produced by the adrenal glands in the ruminant. Based on our finding the highest levels of cortisol were seen in mid lactation period which the cows had the high milk yield. It may be suggested that the negative energy balance in this period can be considered as a stress factor to induce the elevation of circulating cortisol. Hunter et al. mentioned that during the transition period, cortisol is elevated prior to, during and following parturition, signifying an increased release of the adrenocorticotropin (ACTH). 30 A normal response to stressful conditions is activation of the hypothalamic-pituitary-adrenal axis. 31 Physiological stressors cause the release of the hypothalamic corticotropin releasing factor which increases ACTH. 32 During the periparturient period, stressors are above what the cow normally experiences, eliciting an increased release of ACTH. 30 Cortisol is the major glucocorticoid produced by the adrenal cortex in response to stressful stimuli and also plays a role in glucose regulation. 31 However, no significant alterations of cortisol were detected in all experimental groups following glucose administration.
In conclusion, it may be suggested that bolus intravenous glucose infusion could influence the metabolic hormones in high producing Holstein dairy cows. Alterations of metabolic hormones following bolus intravenous glucose administration indicated that glucose is an important direct controller of metabolic interactions and responses in dairy cows during different physiological states. 
